











Abstract:	 The	 paper	 reviews	 assignment	 of	 the	 observed	 low	 temperature	 nematic	 phase	 in	
simple	bimesogenic	or	dimeric	systems	based	on	cyanobiphenyls	and	difluoroterfluorophenyls	
to	the	twist‐bend	nematic	phase,	NTB,	using	a	range	of	experimental	techniques.	These	include	
DSC,	 X‐rays,	 Polarising	 Microscopy,	 electro‐optics,	 birefringence	 and	 measurements	 of	 the	
electroclinic	effect	arising	from	flexoelectricity.		An	emphasis	is	laid	on	the	observations	of	the	
chiral	 domains	of	 opposite	handedness	 at	 zero	 field	 in	 an	 otherwise	 achiral	 liquid	 crystalline	
system	in	this	phase.		These	observations	are	a	direct	consequence	of	the	structure	of	the	twist‐
bend	 phase	 predicted	 by	 Ivan	 Dozov	 for	 achiral	 bent	 core	molecules.	 The	 paper	 reviews	 the	
electro‐optic	 phenomena	 and	 the	 observed	 electroclinic	 effect	 and	 how	 these	 observations	









significant	 upward	 trend	 in	 the	 recent	 years.	 Liquid	 crystals	 are	 considered	 to	 be	 one	 of	 the	
prime	examples	of	self‐organised	systems	as	building	blocks	for	supra‐molecular	systems	with	
wide	use	 in	nano‐science	and	 technology.	 In	 the	nematic	phase,	 the	orientational	order	exists	
but	the	long	range	positional	order	is	absent.	In	1888,	Reinitzer	[1]	observed	what	turned	out	to	
be	 two	 liquid	 crystalline	 phases	 in	 cholesteryl	 benzoate:	 the	 cholesteric	 phase	 and	 the	 blue	
phase.	As	per	 the	 text	of	 the	paper	 in	 the	 literature,	Reinitzer	 ‘noticed	 that	 the	cloudy	sample	
became	bluish	before	going	 into	the	 isotropic	state	while	heating’.	This	would	 imply	that	blue	
phase	was	observed	over	a	very	narrow	range	of	temperatures	which	is	generally	true	to	this	





solids	 [2].	 In	 1890,	 Gattermann	 [3]	 synthesized	 para‐azoxyanisole	 in	 which	 he	 observed	 a	
nematic	 liquid	crystalline	phase	 	now	regarded	as	one	of	 the	 two	most	commonly	used	 in	 the	
devices.	 The	 other	 very	 commonly	 used	 LC	 phase	 is	 the	 cholesteric	 phase	 e	 which	 could	 be	
classed	 as	 the	 third	 nematic	 phase.	 Such	 observations	 of	 nematic	 phases	were	made	without	






the	 beginnings	 of	 the	 21st	 century.	 	 Gray’s	 discovery	 [4]	 of	 a	 stable	 nematic	 phase	 at	 room	
temperature	 observed	 in	 4‐cyano‐4'‐pentylbiphenyl	 (5CB)	 provided	 a	 breakthrough	 which	
enabled	 its	wide	 use	 in	 displays	 in	 the	 1980’s	 and	 1990’s.	 The	 latter	 finding	 gave	 enormous	
incentive	and	boosted	 interests	of	 scientists	 involved	and	attracted	many	young	minds	 to	 the	
field	 of	 LC	 research.	 Several	 display	modes	 in	 the	 nematic	 phase	were	 invented	 in	 the	 latter	
parts	of	the	20th	century	[5‐8].	These	innovations	had	a	major	impact	on	the	operation	of	liquid	
crystal	 devices.	 Liquid	 crystalline	 materials	 such	 as	 cyanobiphenyls,	 fluorobiphenyl	 and	
difluoroterphenyl	based	mesogens	and	mixtures	of	these	mesogens	with	other	materials	were	













































































anisotropies,	 which	 also	 depended	 on	 the	 distribution	 of	 the	 various	 conformers	 in	 the	













two	nematic	phases	by	Ungar	 et.	 al.	 [27],	however	 the	 structure	of	 the	 second	nematic	phase	
was	not	investigated	at	the	time.	Schröder	et.	al.	[28]	detected	two	nematic	phases	for	a	set	of	
bent	 core	molecules.	 The	 low	 temperature	 phase	was	 identified	 provisionally	 as	 the	 nematic	
columnar.	 Lesac	 et.	 al.	[29]	observed	quite	 similar	 textures	 for	nematic	phases	 for	 a	different	
type	of	bent	core	system	and	assigned	the	low	temperature	nematic	phase	preliminarily	to	the	
nematic	 columnar.	 In	dimers	with	an	odd	number	of	methylene	units	 containing	Schiff	 bases,	
Sepelj	et.	al.	[30]	detected	a	second		monotropic	nematic	phase	at	 	higher	temperatures	which		
was	assigned	 	preliminarily	to	be	NCol	phase.	 Interestingly	Kimura	et	al	 [31]	may	have	already	
realized	 that	 the	 low	 temperature	nematic	phase	 in	cyanobiphenyl	based	dimers	with	an	odd	








was	 realized	 that	 odd	membered	methylene	 units	 linked	 directly	 to	mesogenic	 groups	 could	
easily	form	a	second	nematic	phase	at	low	temperatures.	It	may	be	noted	that	none	of	the	early	


























































Figure 2. Odd-Even effect in cyano-biphenyl based dimers; (a) the temperature ranges for the 
N and Nx phases. (b) The transition temperatures plotted as a function of the integer n. The 
temperature range of the Nx phase is much wider for CBC7CB than for CBC11CB. 
	
A	series	of	bimesogens,	where	initially	cyanobiphenyl	groups	were	linked	by	alkyl	spacers		(Cn,	
where	 n	 varies	 from	6	 to	 12)	with	 the	 general	 formula	 of	 YCnY	 [Y	 stands	 for	 the	mesogenic	
groups]	 were	 synthesized	 in	 Hull	 by	 Mehl	 and	 his	 group.	 The	 resulting	 bimesogenic	 liquid	
crystals	were	characterized	by	using	DSC,	OPM	textures	and	X‐diffraction	studies.	The	molecular	
architectures	 were	 systematically	 explored	 by	 extending	 it	 initially	 to	mesogens	 with	 strong	
lateral	 dipoles	 forming	 a	 nematic	 phase,	 such	 as	 difluoroterphenyls	 [34].	 It	 was	 initially	
considered	 that	 the	 nitrile	 group	 in	 the	 cyanobiphenyl	 systems	 might	 form	 anti‐parallel	 co‐
ordination	 assemblies.	 These	 materials	 are	 arguably	 the	 first	 clearly	 designed	 systems	 that	
systematically	explored	the	structure	of	this	new	low	temperature	nematic	phase.		For	all	these	
sets	 of	materials,	 it	 was	 	 found	 that	 when	 the	 integer	 n	 in	 the	 spacer	 is	 an	 odd	 number,	 an	
additional	nematic	phase	is	observed	in	the	temperature	range	below	the	conventional	nematic	
one	(Figure	2).		
Table	 1	 shows	 the	 transition	 temperatures	 and	 the	 transition	 enthalpies	 for	 transitions.	 	 The	
transition	 enthalpy	 for	 the	 NTB	 is	 larger	 for	 CBC7CB	 (1.12	 kJ/mol)	 than	 for	 CBC9CB	 (0.86	
kJ/mol),	 and	 it	 is	 much	 larger	 for	 (1.12	 kJ/mol)	 	 than	 CBC11CB	 (0.14	 kJ/mol);	 these	 are	
calculated	during	the	cooling	processes.	Figure	2	shows	that	the	temperature	range	of	the	NTB	




































Fig	 3.	 XRD	 patterns	 of	 a	magnetically	 aligned	 sample	 of	 compound	 	of	 a	mixture	 of	 5CB	 and	
CBC9CB	(15/85	w/w	%)	on	cooling:	(a)	N	phase	at	100	°C;	(b)	NX/TB	at	50	°C;	(c)	Θ‐scan	of	the	
diffraction	pattern	in	the	N	and	Nx	phases	
Since	 x‐ray	 diffraction	 peaks	 as	 signatures	 of	 the	 lamellar	 or	 layered	 structure	 could	 not	 be	
observed,	 the	 XRD	 data	 unambiguously	 showed	 absence	 of	 smectic	 ordering.	 These	 peaks	 if	
present	 would	 have	 represented	 modulation	 of	 the	 electron	 density	 associated	 with	 this	
periodic	structure.	It	was	found	that	x‐ray	diffraction	experiment	incorporating	both	small	and	
large	angles	for	the	low	temperature	phase	gave	rise	to	similar	results	to	those		as	observed	for		
the	high	 temperature	nematic	phase.	The	 results	 showed	only	 a	 small	 narrowing	 of	 the	wide	
angle	reflection	peaks	on	the	transition	from	N	to	NTB.	These	intensities	are	related	to	the	lateral	
distances	 of	molecules	 but	 no	 increased	 intensity	 associated	with	 asmectic	 layering	 at	 small	
scattering	angles	was	detected.	When	n	was	an	even	number,	such	a	low	temperature	nematic	
phase	was	found	to	be	absent.	This	effect	termed	‘odd	–even’	had	been	computer	simulated	by	
Luckhurst	 and	 Romano	 [35].	 One	 should	 note	 that	 the	 NTB	 phase	 in	 some	 compounds	 of	 the	
series	YCnY	occurs	at	room	temperature,	and	the	phase	is	stable	over	a	range	of	temperatures	







the	 nematic	 at	 100	 °C	 (Fig	 3	 a)	 to	 50	 °C	 to	 the	 NTB	 phase	 (Fig	 3b),	 loss	 of	 the	 macroscopic	
orientation	is	detected.	 	Fig	3c	shows	a	pseudo	1D	plot	(Θ‐scan)	of	the	diffraction	patterns	for	
this	composition.	 	A	narrowing	of	the	wide	angle	reflection	is	clearly	detected;	notable	too	are	
the	 very	 low	 distributions	 in	 the	 small	 angle	 intensities.	 	 A	 detailed	 thermal	 analysis	 of	 the	
various	compositions	has	been	carried	out	and	described	[36].	
Dozov	model	and	the	Stripes:	
In	 2001	 Dozov	 [25]	 had	 theoretically	 considered	 the	 possibility	 of	 a	 phase	 being	 formed	 by	
bent‐core	 (banana	 shaped)	 molecules	 by	 assuming	 negative	 bend	 elastic	 constant	 K33.	 He	
predicted	the	possibility	of	having	two	periodic	helical	structures	formed	by	achiral	molecules:	
twist‐bend	 and	 splay‐bend.	 The	 twist‐bend	 leads	 to	 chiral	 domains	 of	 opposite	 handedness	
whereas	 the	 splay‐bend	 does	 not.	 The	 simplest	 possible	 deformation	 of	 the	 uniform	 nematic	
director	field	[17]			 cos , , ,	 in	a	planar	cell	produced	similar	patterns	
to	 that	 observed	 in	 such	 a	 rubbed	 cell	 by	 polarizing	microscopy.	 This	 can	 be	 described	 as	 a	
harmonic	 distortion	 of	 azimuthal	 and	 polar	 angles	 Φ cos sin 	 ,	 	
Θ cos cos ,	where	d	 is	 the	cell	gap,	φ	 and	θ	 are	 the	azimuthal	and	polar	angles	of	 the	




























Φ	and	Θ	are	 the	 amplitudes	 of	 modulations	 for	 deviation	 angles.	 It	 has	 been	 shown	 that	
spontaneous	 formation	 of	 the	director	 field	 as	 expressed	by	 these	 equations	would	 require	 a	
necessary	condition	that	(K11+K22)	<	0,	where	K11	and	K22	correspondingly	are	the	splay	and	the	
twist	 elastic	 constants	 [17].	 The	 demonstrated	 requirement	 of	 introducing	 negative	 elastic	
constant	 in	explaining	the	striped	patterns	in	the	Nx	phase	is	of	major	 interest	to	pursue.	The	
known	 striped	 patterns	 formed	 by	 helical	 structures	 (such	 as	 the	 cholesteric	 fingerprints	 or	
Grandjean‐Cano	 textures)	 are	 significantly	 different	 from	 the	 self‐deformed	 stripes	 both	 in	








Further	 intriguing	 discovery	 was	 made	 with	 the	 observation	 of	 a	 fast	 (4µs	 or	 less)	 optical	

























sign	of	 the	applied	electric	 field.	 Figure	4	 shows	data	obtained	using	Photo‐elastic	modulator	
(PEM)	 from	 a	 difluoroterphenyl‐based	 dimer	with	 negative	 dielectric	 anisotropy.	 On	 can	 see	
clear	 differences	 in	 the	 behaviour	 of	 the conventional nematic	 from	 the	NTB	 phase:	While	 the	
response	in	the	N	phase	to	the	electric	field	is	below	the	resolution	of	the	experiment,	the	cell	in	
NTB	 phase	 shows	 an	 in‐plane	 deviation	 of	 the	 optical	 axis	 corresponding	 to	 the	 electroclinic	
FIG.	4.		Optical	axis	position	and	retardation	obtained	with	PEM	on	applying	of	an	alternating	
electric	 field	 (waveform	 shown	 by	 the	 red	 line,	 top	 of	 this	 figure)	 to	 the	 cell	 during	 a	


















Since	 the	molecules	of	 the	system	are	achiral,	 such	a	response	 is	possible	only	 for	 the	case	of	
chiral	segregated	domains	of	the	left	or	right	handedness.		These	could	arise	from	the	breaking	
of	 the	 chiral	 symmetry	 as	 was	 predicted	 by	 Dozov	 [25].	 Such	 domains	 are	 experimentally	
observed	 (Figure	 5)	 and	 the	 domain	 boundaries	 between	 these	 are	 found	 to	 cross	 the	 self‐
deformation	stripes	 in	 the	absence	of	 the	external	electric	 field	(Figure	5(a),	5(b)).	A	possible	




	.	 	 is	 the	 viscosity	 of	 the	 nematic	 phase,	 θ0	 	 	 is	 the	 oblique	 angle	 also	 called	 the	





























Chen	 et	 al	 [23]	 obtained	 similar	 results	 for	 the	 same	 dimer	 and	 their	 results	 were	 also	
supported	 by	 atomistic	 molecular	 dynamic	 simulation.	 Results	 for	 the	 nanoscale	 helicoidal	
modulation	agreed	with	each	other	[22,23].	A	helical		pitch	of	the	order	of		few	nanometre	found	







caused	directly	by	such	a	short	pitch	but	 instead	the	 local	chirality	may	 lead	to	a	hierarchy	of	
structures	having	helices	of	different	pitch	values	under	different	experimental	conditions	[39	
to	41].	It	was	pointed	out	by	Goodby	[42]	that	parabolic	defects	such	as	those	seen	as	fish‐like	
pictures	 in	Fig.	7,	are	reminiscent	of	 the	helicoidal	structure	 in	chiral	smectic	C*	phase	where	




platform	for	a	 further	analysis	and	 for	arriving	at	an	understanding	of	 the	striped	patterns	 to	
advancing	the	practical	applications	of	this	phase.	This	observation	confirms	the	local	chirality	





The	 flexoelectric	 polarisation	 was	 measured	 using	 the	 pyroelectric	 effect.	 The	 source	 of	
modulation	of	temperature	is	He‐Ne	laser	used	in	conjunction	with	a	mechanical	chopper,	the	
shining	of	the	modulated	laser	beam	on	the	sample	modulates	its	temperature.	This	gives	rise	to	
a	 pyroelectric	 signal	 which	 is	 detected	 by	 the	 electronic‐hardware	 given	 here.	 The	 signal	 is	
integrated	 to	 give	 rise	 to	 the	 flexoelectric	 polarisation,	 Pf.	 The	 measured	 polarisation	 is	
calibrated	with	 reference	 to	 the	 known	 polarisation	 of	 a	 ferroelectric	 liquid	 crystal	material.	












than	 in	 5CB	 by	 a	 factor	 ranging	 between2	 and	 3.	 The	 effective	 flexoelectric	 coefficient	 in	 the	
temperature	 range	 of	 the	 N	 phase	 of	 CBC11CB	 above	 NTB	 is	 higher	 by	 a	 factor	 of	 at	 least	 2	

















































































































































































































































































Figure	 7.	 Patterns	 observed	 in	 planar	 cells.	 Rubbing	 direction	 vertical	 and	 parallel	 to	 the	
incident	 polarization.	 Scale	 bars	 are	 0.01mm.	 a‐b)	 Three‐photon	 excitation	 fluorescence	
polarizing	microscopy	(3PEF‐PM)	images	of	focal‐conic	domains	in	10	µm	thick	planar	cell.	Note	
pseudo‐layered	 pattern	 formed	 normal	 to	 the	 rubbing	 direction.[26]	 c)	 Fluorescent	 confocal	
polarizing	microscopy	(FCPM)	image	of	a	6	µm	cell	showing	“rope‐like”	pattern	intermediate	in	
the	 hierarchy	 between	 the	 8‐nanometer	 twist‐bend	 pitch	 and	 the	 self‐deformation	 stripes	
determined	by	the	cell	gap.	[39]	d)	Periodic	texture	at	the	Ntb‐N	interface	in	a	25	µm	cell	[41].		
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